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Time-resolved resonant soft x-ray scattering spectroscopy reveals the glass-like 
physics that mediates the dynamics of antiferromagnetic spin ordering in a transient 
photo-excited Pro rCao aMnOa manganite. The evolution of spin ordering, measured 
nearly 12 decades in time (70 ps to tens of seconds), exhibits an unambiguous stretched- 
exponential behavior that is a hallmark of glass-like systems. Moreover, a dimensional 
crossover in the effective interaction from ID at low pump fluence to 3D at high pump 
fiuence is observed, suggesting that spin ordering and orbital ordering are transiently 
decoupled by photo-excitation. 



Nanoscale electronic orderings of charges, orbitals and 
spins (e.g. into stripe or checkerboard patterns) are ob- 
served in many strongly correlated electron materials, 
and the competing ground states associated with these 
ordered phases underlie important emergent material 
properties, such as colossal magnetoresistance (CMR) 
[1112], high temperature superconductivity [3], and multi- 
ferroic behavior 0] . Understanding the fundamental ori- 
gin of these phases and the dynamic interplay between 
them remain important scientific challenges. Transient 
photo-excitation is an effective means for separating the 
strong coupling of electron, lattice, orbital and spin de- 
grees of freedom based on their time response and can 
drive transitions between competing states, e.g. photo- 
induced transient insulator-metal transition (IMT) in 
charge/orbital/spin ordered CMR manganites [HIQ, and 
transient superconductivity in a stripe-ordered cuprate 
[7]. Moreover, transient excitations can be used to cre- 
ate metastable phases from which the re-establishment of 
the ordered states may be directly observed via ultrafast 
probes. Incorporating time-resolved resonant soft x-ray 
scattering spectroscopy (TR-RSXS) as an ultrafast probe 
[B,- 12_ fills a critical knowledge gap by providing detailed 
information on the spatial ordering of charges, orbitals 
and spins, and how these ordered phases develop and 
evolve in response to tailored perturbations - information 
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that is not available from either static or time-resolved 
optical probes [T31 HI] , or x-ray absorption spectroscopy 
(XAS) [TS1, or transport measurements [SJ|5]. 

TR-RSXS research to date [8Hl2] has focused on the 
ultrafast frustration or "melting" of electronic ordering 
within the first 100 ps following photo-excitation, how- 
ever, the reverse process, i.e. "re-establishment" of such 
ordering, has been heavily overlooked. In this letter, we 
focus for the first time on the re-establishment of elec- 
tronic ordering from a metastable phase. Using TR- 
RSXS to follow the antiferromagnetic spin ordering (SO) 
in a photo-excited Pro.rCao.sMnOs ^16j over an unprece- 
dented temporal window spanning 12 decades, we iden- 
tify an unambiguous stretched-exponential behavior that 
is a hallmark of glass-like systems. This is in striking 
contrast to the response of charge carriers which is dom- 
inated by electron or lattice interactions with recovery 
time shorter than 100 ps [T7j. Moreover, we report a di- 
mensional crossover in the effective interaction from ID 
at low pump fluence to 3D at high pump fluence, which 
suggests that spin ordering and orbital ordering (00) can 
be transiently decoupled by photo-excitation. Our results 
not only challenge presumptions about photo-excitation 
of electronic orderings but also provide a new perspective 
for revealing the fundamental physics underlying such 
electronic self-assembly phenomena. 

TR-RSXS experiments were carried out at the ultra- 
fast soft x-ray Beamline 6.0.2 of the Advanced Light 
Source (ALS), Lawrence Berkeley National Laboratory. 
Previous static RSXS studies showed that the (1/4, 1/4, 
0) superlattice diffraction peak (in pseudocubic notation) 
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FIG. 1: (a) Schematic diagram of the CE-type SO state over- 
laid with the experimental geometry for TR-RSXS measure- 
ments. Circles and lobes represent the Mn*^ sites and eg or- 
bitals on the Mn'^"'" sites. Pink and blue colors represent oppo- 
site spin orientations, (b) Energy profile of the SO diffraction 
peak from static RSXS measurements (solid line) as compared 
to the XAS spectrum (dotted line) [19]. The symbols mark 
the photon energies used, (c) Comparison of the SO diffrac- 
tion peak intensity measured at 641.4 eV before (open circles) 
and At=500 ps after laser excitation at 1 mj/cm^ pump flu- 
ence (red filled circles). Solid lines are fits using Lorentzian 
function. Gray circles are data taken at At=500 ps rescaled 
by a factor of 1.33. (d-f) Schematic plots showing three possi- 
ble responses of SO domains to photo-excitation. The orange 
areas represent the SO domains and the gray areas represent 
the regions destroyed by photo-excitation. These are over- 
simplified illustrations and a realistic picture is likely more 
complicated due to the irregular shapes and interconnections 
between SO domains. 



at 65 K was dominated by the CE-type [TS] SO state (see 
Fig. 1(b) for a characteristic RSXS energy profile) [H], 
and we focus on its dynamics in the current study. An 
800 nm pump laser pulse with 100 fs duration was used 
to induce an IMT [5], and a 70 ps x-ray pulse was used 
subsequently to capture snapshots of the evolving SO. A 
schematic experimental geometry is shown in Fig. 1(a) 
and more details can be found in supplementary infor- 
mation. The measurement temperature was 65 K, low 
enough to avoid any laser-heating induced thermal phase 
transition. 

Figure 1(c) shows the comparison of the SO diffrac- 
tion peak profile as a function of momentum transfer 
(q) without photo-excitation (open symbols) and at a 
delay time At=500 ps (red filled symbols) after photo- 
excitation. The pump fluence is 1 mJ/cm^ and the pho- 
ton energy of the probe x-ray beam is tuned to Mn L3 
edge at 641.4 eV (red symbol in Fig. 1(b)). A reduc- 
tion of the SO peak intensity is observed at At=500 
ps. However, the peak position and width show negli- 
gible change upon photo-excitation, which can be clearly 
seen after rescaling the peak profile by the intensity 
ratio (filled gray symbols). A Lorentzian function fit 



to the data (solid lines in Fig. 1(c)) shows that the 
correlation length ^ (^=27r/Aq where Aq is the peak 
width) remains 1560 A ± 30 A even following sup- 
pression of the SO via photo-excitation. The negligi- 
ble change in correlation length rules out the nucleation 
type recovery behavior illustrated in Fig. 1(d). This 
photo-excitation response is in striking contrast to the w 
10 times change in the SO correlation length, which is 
observed across the canted-antiferromagnetic transition 
temperature Tca [E] . There are two remaining possible 
scenarios consistent with the negligible change of corre- 
lation length: full destroy of some SO domains without 
affecting other domains (Fig. 1(e)), or photo-induced lo- 
cal spin frustration within the SO domains (Fig. 1(f)). 

Figure 2 shows the evolution of SO diffraction peak 
intensity as a function of At. The differential intensity, 
defined as AI/Is= (lAi-Is)/Is where Is and Ia* are the 
peak intensity recorded without photo-excitation and at 
At after photo-excitation, exhibits a step-like decrease 
at At=0 with a fall time of 70 ps (Fig. 2(a)), which is 
limited by the pulse duration of the probe x-ray beam. 
Here we focus on the recovery dynamics at later delay 
time. 

Figures 2(b-c) show the recovery of SO in different 
temporal windows. Although a bi-exponential function 
aie~*/'^i-|-a2e~*/'^2 with n « 10 ns and T2 « 100 ns seems 
to give a reasonable description of the data within the 
first 80 ns (solid lines in Fig. 2(b)), a clear discrep- 
ancy is evident in the /is regime (Fig. 2(c)), suggesting 
that more exponential functions are needed to fit the en- 
tire curve. In fact, the number of exponentials needed 
depends strongly on the selected temporal window and 
this reflects the inadequacy of using a multi-exponential 
function fit. The observed recovery behavior does not 
depend on the photon energies of the probe x-ray beam 
(red circles vs. blue diamonds), although different pho- 
ton energies lead to variations in the probe depth [20] 
and differential signal. The recovery process not only 
involves multiple time scales, but also strongly depends 
on the pump fluence. Figures 2(d-g) show the recovery 
of SO with increasing pump fluence. The full recovery 
time increases rapidly from sub-/xs at low pump fluences 
(Fig. 2(d)) to tens of seconds at higher pump fluences 
(Fig. 2(g)). The surprisingly long recovery time rules out 
conventional electronic or lattice interactions which typ- 
ically have recovery time shorter than 100 ps [T7| as the 
dominant recovery mechanism. The strong pump fluence 
dependent recovery time excludes scenario illustrated in 
Fig. 1(e), since if SO domains are destroyed and recov- 
ered uncorrelated to each other, the recovery time is not 
expected to show such strong pump fluence dependence. 

The large temporal range and the strong fluence de- 
pendence in the recovery process are commonly seen in 
glass- like or complex disordered systems [3T], such as 
structural glass [22J , magnetic glass [53] etc. In such sys- 
tems, the dynamics can be described by the stretched- 
exponential function (Kohlrausch- Williams- Watt func- 



tion) in the form of aiC 



Remarkably, with 
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FIG. 2: (a-c) Differential SO peak intensity measured at 641.4 eV (red circles) and 639.2 eV (blue diamonds) as a function 
of pump-probe delay time At at 1 mj/cm^ pump fluence. The solid lines in panel (a) are fits using the error function and 
the shaded area marks the 70 ps temporal resolution of probe x-ray beam. The bi-exponential function fits up to 80 ns are 
shown as solid lines in panels (b) and (c) . (d-g) Differential SO peak intensity as a function of delay time with different pump 
fluences. Symbols are raw data and solid lines are the stretched-exponential function fits. The repetition rate of 800 nm pump 
beam, listed in each panel, is reduced at high pump fluences to ensure that the sample is fully recovered before the arrival of 
next pump pulse. 



only three adjustable parameters, ai, r and (3, an ex- 
cellent agreement between data (symbols in Figs. 2(d- 
g)) and the stretched-exponential function fits (lines) is 
achieved over entire 12 decades of measurement temporal 
window. This strongly points to the glass-like nature in 
the recovery process of photo-excited SO state. 

It is surprising that the recovery of the long-ranged 
periodic SO shares similar dynamics to glass-like sys- 
tems which are typically highly disordered. Based on 
the invariancc of correlation length and the glass-like 
dynamics, we propose a microscopic picture in which 
photo-excitation creates local spin frustrations within the 
SO domains (Fig. 1(f)). The spin frustrated regions 
are sufficiently small that they do not affect the over- 
all domain size, or the correlation length of SO across 
the domains. Restoring these frustrated spins with dif- 
ferent sizes can lead to the observed glass-like behav- 
ior. Interestingly, TR-RSXS data on Pro.aCao.sMnOa 
with low temperature robust charge/orbital/spin ordered 
ground states does not show clear glass-like behavior 
even at a pump fluence of 6 mJ/cm^ (see supplemen- 
tary information). The proximity of different ground 
states in Pro.yCao.sMnOs but not in Pro.aCao.sMnOa 
[16j further supports the glass-like behavior observed in 
Pro.rCao.aMnOa because frustration is an indispensable 
ingredient for glass-like systems p]. We note that al- 
though various types of glass-like behavior have been 
reported in manganites, e.g. spin glass [231 113 j clus- 



ter glass polaron glass [57], strain glass [23 HI] 

etc, those are intrinsic properties of the ground states 
revealed by static measurements. Our TR-RSXS work 
reveals dynamic signatures of glass-like behavior in the 
long-ranged (^ w 1500 A) SO after photo-excitation, and 
its transient glass- like behavior is fundamentally different 
from the short ranged spin glass (negligible ^) or polaron 
glass ( ^ < 10 nm) [27] [30] previously discussed in the 
equilibrium state of manganites. 

In addition to revealing novel glass-like dynamics, the 
effective dimensionality d of the interaction that restores 
SO can be retrieved from the stretched-exponent /3 via 
the relationship j3— d/(d -I- 2). Renormalizing the time 
traces in Figs. 2(d-g) by ai and r leads to two univer- 
sal groups: data with pump fluences below and above 4 
mJ/cm^ are in overall agreement with /3=l/3 (d=l) and 
/3=3/5 (d=3) respectively. The abrupt jump around 4 
mJ/cm^ in /3 (Fig. 3(b)) implies a dimensional crossover 
from ID to 3D in the effective interactions that are re- 
sponsible for the restoration of the SO. We note that 
while dimensional crossover has been reported in many 
systems by tuning thermodynamic variables under equi- 
librium conditions ,31j, our results represent its mani- 
festation in a dynamic regime. A likely scenario for the 
observed ID recovery dynamics at low pump fluence is 
that the 00 remains largely intact even though the SO is 
disturbed by photo-excitation. The intra-chain interac- 
tion along the quasi- ID 00 path provides the restoring 
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FIG. 3: (a) Log-Log plot of data shown in Figs. 2(d-g). The differential signal and time scale are normalized by ai and r 
extracted from the stretched-exponential function fit respectively. The dashed cyan and yellow lines represent the stretched- 
exponential functions with /3=l/3 and /3=3/5. (b) The stretched exponent /3 and error bar extracted from the stretched- 
exponential function fit as a function of pump fluence. The shaded areas and dotted lines are guides for the eyes. Red circles 
and blue diamonds are data measured at photon energies of 641.4 eV and 639.2 eV respectively. 



force for SO based on Goodenough-Kanamori rules [32]. 
Therefore the observed dimensional crossover suggests an 
interesting possibihty that despite the intimate coupling 
of spin and orbital degrees in the static ordered state, 
the SO and 00 may be transiently decoupled in their 
response to ultrafast photo-excitation. 

In summary, our TR-RSXS studies of SO dynamics 
covering 12 decades in time show that the SO recovery 
dynamics exhibits glass-like behavior with a dimensional 
crossover from ID to 3D. Our work provides a new per- 
spective for revealing the fascinating physics hidden in 
the heavily overlooked recovery process of electronic or- 
derings in many other correlated materials. For example, 
similar studies on the recovery dynamics of stripe may 
shed new light on the physics involved in photo-induced 



superconductivity [7]. 



Acknowledgments 

We thank H. Yao and W.L. Yang for useful discus- 
sions. This work was supported by the Director, Ofhce 
of Science, Office of Basic Energy Sciences, the Materials 
Sciences and Engineering Division under the Department 
of Energy Contract No. DE-AC02-05CH11231. The Ad- 
vanced Light Source is supported by the Director, Office 
of Science, Office of Basic Energy Sciences, of the U.S. 
Department of Energy under Contract No. DE-AC02- 
05CH11231. 



[1] E. Dagotto, T. Hotta and A. Moreo, Colossal magnetore- 
sistant materials: the key role of phase separation, Phys. 
Rep. 344, 1 (2001). 
[2] Y. Tokura, Rep. Prog. Phys. 69, 797 (2006). 
[3] J.M. Tranquada et al, Nature 375, 561-563 (1995). 
[4] N. Ikeda et al., Nature 436, 1136 (2005). 
[5] M. Fiebig et al, Science 280, 1925 (1998). 
[6] Rini, M. et al. Nature 449, 72 (2007). 
[7] D. Fausti et al.. Science 331, 189 (2011). 
[8] N. Pontius N. et al, Appl. Phys. Lett. 98, 182504 (2011). 
[9] H. Ehrke et al., Phys. Rev. Lett. 106, 217401 (2011). 
[10] S.L. Johnson et al, Phys. Rev. Lett. 108, 037203 (2012). 



[11] W.S. Lee et al.. Nature Common. 10, 1038 (2012). 
[12] M. Forst et al, Phys. Rev. B 84, 241104(R) (2011). 
[13] M. Fiebig et al, Appl. Phys. Lett. 74, 2310 (1999). 
[14] R.I. Tobey, D. Prabhakaran, A.T. Boothroyd, A. Caval- 

leri, Phys. Rev. Lett. 101, 197404 (2008). 
[15] M. Rini, et al., Phys. Rev. B 80, 155113 (2009). 
[16] Y. Tomioka, A. Asamitsu, H. Kuwahara, Y. Moritomo, 

Y. Tokura, Phys. Rev. B 53, R1689 (1996). 
[17] R.D. Averitt and A.J. Taylor, J. Phys.: Condens. Matter 

14, R1357-R1390 (2002). 
[18] CE-type structure refers to a combination of C and E 

type spin structure 1^, which consists of quasi-one dimen- 



5 



sional zigzag chains with opposite spins as schematically 

drawn in Fig. 1(a). 
[19] S.Y. Zhou et ai, Phys. Rev. Lett. 106, 186404 (2011). 
[20] K.J. Thomas et al., Phys. Rev. Lett. 92, 237204 (2004). 
[21] J.C. Phillips, Rep. Prog. Phys. 59, 1133 (1996). 
[22] P.G. Debenedetti and F.H. Stillinger, Nature 410, 259 

(2001). 

[23] J.M.D. Coey, D.H. Ryan, R. Buder, Phys. Rev. Lett. 58, 

385 (1987). 

[24] P. Levy, F. Parisi, L. Granja, E. Indehcato, G. PoUa, 

Phys. Rev. Lett. 89, 137001 (2002). 
[25] R. Mathieu, D. Akahoshi, A. Asamitsu, Y. Tomioka, Y. 



Tokura, Phys. Rev. Lett. 93, 227202 (2004). 
[26] A. Maignan, C. Martin, F. Dainay, B. Ravcau, J. Hcjt- 

manek, Phys. Rev. B 58, 2758 (1998). 
[27] D.N. Argyriou et al, Phys. Rev. Lett. 89, 036401 (2002). 
[28] P.A. Sharma, S.B. Kim, T.Y. Koo, S. Guha, S.W. 

Cheong, Phys. Rev. B 71, 224416 (2005). 
[29] W. Wu et al., Nature Mater. 5, 881 (2006). 
[30] J.W. Lynn et al, Phys. Rev. B 76, 014437 (2007). 
[31] T. Valla et al., Nature 417, 627 (2002). 
[32] J.B. Goodenough, Phys. Rev. B 100, 564 (1955). 



